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An easy and convenient procedure is described for monitoring 
chemical reactions and characterization of compounds dis- 
solved in ionic liquids using the well-known tandem mass 
spectrometry (MS/MS) technique. Generation of wastes was 
avoided by utilizing an easy procedure for analysis of ionic 
liquid systems without preliminary isolation and purification. 
The described procedure also decreased the risk of plausible 
contamination and damage of the ESI-MS hardware and in- 



creased sensitivity and accuracy of the measurements. ESI-MS 
detection in MS/MS mode was shown to be efficient in ionic 
liquids systems for structural and mechanistic studies, which 
are rather difficult otherwise. The developed ESI-MS/MS ap- 
proach was applied to study samples corresponding to pep- 
tide systems in ionic liquids and to platform chemical directed 
biomass conversion in ionic liquids. 



Introduction 

Electrospray ionization mass spectrometry (ESI-MS) is a well- 
known method widely used in polymer science/ 11 carbohy- 
drate [2] and peptide [3] analysis, protein structure determina- 
tion/ 41 catalysis/ 51 and several other areas of practical applica- 
tions/ 61 From the discovery in the 1980s to today, ESI-MS dis- 
closed plenty of opportunities for analysis of natural substan- 
ces within molecular weight determinations, structural investi- 
gations and reaction mechanism studies. ESI is a "soft" 
ionization method that works with solutions at atmospheric 
pressure without or with negligible fragmentation of "parent" 
ions for many organic compounds. There are only few steps in 
sample preparation procedure, thus, making ESI-MS a quick an- 
alytical tool for obtaining qualitative and quantitative informa- 
tion about compounds and mixtures of interest. 

Rapid development of modern chemistry in recent years has 
revealed the importance of new reaction media in addition to 
well-known organic solvents. One of the most fascinating find- 
ings concerns the outstanding scope of ionic liquids as reac- 
tion media, which showed tremendous growth in recent de- 
cades/ 7,8,9,101 Due to their unique properties — virtually no vapor 
pressure, nonflammable, excellent thermal, mechanical and 
electrochemical stability, electrical conductivity, high polarity 
and exceptional dissolution properties — ionic liquids have 
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become attractive and promising reaction media for different 
chemical transformations ranging from fine organic synthesis 
to processes of industrial importance/ 7 " 101 Ionic liquids showed 
excellent results and recyclability for Heck reactions/ 111 Friedel- 
Crafts-type transformations/ 121 Michael additions/ 131 hydroami- 
nations of alkenes/ 141 ring-closing metatheses [15] and many 
other important organic synthesis procedures/ 161 Important to 
note, ionic liquids were proposed to be well-suitable "green" 
solvents for peptide synthesis [17] and biomass conversion/ 101 

In spite of several promises and expectations concerning 
ionic liquids, recent studies have clearly shown that ionic liq- 
uids by no means are "intrinsically green". Important issues to 
consider in this regard are toxicity of ionic liquids and environ- 
mental impact/ 181 Ionic liquids can only become "green" if used 
appropriately, which takes into account the overall impact of 
the chemical process and environmental persistence. This chal- 
lenge facilitates development of new, more sophisticated tools 
dealing with ionic liquid research. 

The properties of ionic liquids that are advantageous for 
practical applications made it difficult to analyze these reaction 
mixtures by conventional analytical methods. High viscosity, 
conductive ionic character and absorption of radiofrequencies 
deteriorate the quality of high-resolution NMR spectra in ionic 
liquids/ 19,91 Recently, our group has reported a special NMR ap- 
proach for the determination of molecular structures and mon- 
itoring of chemical reactions directly in ionic liquids/ 201 

In the case of mass spectrometry the problem appears to be 
even more complicated. On the one hand, mass spectrometry 
with different ionization techniques (e.g., fast atom bombard- 
ment (FAB), electron ionization (El), atmospheric-pressure 
chemical ionization (APCI), electrospray ionization (ESI)) provid- 
ed a wealth of valuable information about ionic liquids itself, 
and their applications for example for the detection of reaction 
intermediates/ 21,221 For instance, ionic liquids were used as an 
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effective "charged tag" for ESI-MS interception of key catalytic 
species involved in various chemical transformations^ 2231 

On the other hand, a problem appears when ionic liquid 
serves only as solvent and is not bound to components of the 
reaction mixture. Indeed, since ionic liquid systems consist of 
ionized species at normal conditions under room temperature 
the ESI-MS spectra are dominated by intensive peaks of ionic 
liquid components in positive (cation) and negative (anion) ion 
modes (Scheme 1). [21,22] In most cases the solute molecules dis- 
solved in ionic liquids for carrying out the reaction can hardly 
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Scheme 1. Structures of 1-butyl-3-methylimidazolium chloride ([BMIM][CI]), 
1-ethyl-3-methylimidazolium chloride ([EMIM][CI]), 1-butyl-3-methylimidazoli- 
um hexafluorophosphate ([BMIM][PF 6 ]) and 1-butyl-3-methylimidazolium tet- 
rafluoroborate ([BMIM][BF 4 ]). 



Herein, we describe a rapid and efficient procedure to moni- 
tor reactions in ionic liquids using ESI-MS by simple tuning of 
the MS instrument and avoiding damage of the hardware. The 
ESI-MS measurements are the analytical tool of choice to study 
ionic liquid systems due to a well-established structure resolv- 
ing power and extremely high sensitivity. 

Results and Discussion 

To evaluate the performance of ESI-MS measurements we have 
chosen two practically important systems in ionic liquids 
(Scheme 2). Sample I is a reaction mixture obtained after con- 
version of glucose to 5-(hydroxymethyl)furfural (5-HMF) carried 
out in 1-butyl-3-methylimidazolium chloride ([BMIM][CI]). This 
sample corresponds to a real chemical system studied in the 
frameworks of developing of biomass conversion technolo- 
gjes [10,20,23] Samp | e || is a solution of dipeptide Boc-Val-Ala-OMe 
in 1-ethyl-3-methylimidazolium chloride ([EMIM][CI]), mimicking 
a typical system in peptide chemistry, which is a rapidly devel- 
oping area of application of ionic liquids. [24] 

An aliquot (0.6 mg) of each sample was completely dis- 
solved in 1.5 mL of CH 3 CN and then diluted 10000 times in the 



Sample I (reaction mixture): 
OH 



HO 
HO 



Sample I 



be observed over the background of these highly 
ionized species, especially taking into account that 
the amount of solute is typically 10-100 times lower 
than the amount of solvent itself. Other plausible 
problems include a probable damage of MS hard- 
ware (ion transfer stage and other parts of the spec- 
trometer) because of hardly removable contamina- 
tion with ionic liquids and a decreasing detector life- 
time (i.e., microchannel plate type) with extremely 
intensive ion beams generated from the ionic liquid. 

Currently, analysis of reaction mixtures in ionic liq- 
uids requires careful purification before the analyti- 
cal measurements in order to separate the com- 
pounds of interest from the ionic liquid. In spite of many 
promising green applications of technologies based on ionic 
liquids, current implementation and development of reactions 
in ionic liquids suffer from the limitations in analytical methods 
and separation procedures. Conventional isolation techniques 
(e.g., extraction, chromatography) are significantly time con- 
suming and require organic solvents, later on released as 
wastes into the environment. What is really critical is that such 
preliminary treatment of ionic liquid systems is applicable only 
to stable compounds and might otherwise lead to chemical 
modifications or degradation of several types of species. Purifi- 
cation is unacceptable for mechanistic studies, since detection 
of unstable or reactive intermediates becomes impossible. 
Clearly, a useful practical approach should be developed to 
overcome these limitations and to perform direct ESI-MS analy- 
sis of ionic liquid systems. Excellent articles on the topic of 
mass spectrometric characterization of ionic liquids have ap- 
peared in recent years and demonstrated several fascinating 
opportunities in this field. [21,22] 
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Scheme 2. Studied carbohydrate conversion reaction (sample I) and peptide solution 
(sample II). 



case of sample I and 100000 times in the case of sample II 
with the same solvent. The concentrations of obtained solu- 
tions were in the order of 10" 14 -10" 15 moliul" 1 for solutes and 
10 13 -10 14 mol jllL 1 for ionic liquid (Table 1). 

A representative mass spectrum of sample I registered in the 
MS mode is shown on Figure 1 A. Only an intensive (>60000 
units) signal of [BMIM] + was observed in the ESI-MS spectrum 
at m/z= 139.1 233 with six to seven other negligible trace sig- 



Table 1. Concentrations of 


ionic liquid's cation and dissolved compo- 


nents of samples 1 and II. 








Sample Species 


Initial chemical system 


ESI-MS sample 




Mass 


c in ionic liquid 


c in CH 3 CN 




[g] 


[mol (xL- 1 ] 


[molixL- 1 ] 


[BMIM] + 


0.52 


6.2x10 6 


2.0x10 13 


1 glucose 


0.04 


3.7x10 7 


1.2x10 14 


5-HMF 


0.03 


4.0x10 7 


1.3x10 14 


[EMIM] + 


0.48 


7.5x10 6 


2.5x10 14 


Boc-Val-Ala-OMe 


0.05 


2.9x10 7 


1.0x10 15 
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Figure 1. Representative spectra of the reaction mixture of sample I A) acquired 
mode, B) acquired in MS/MS mode. 



nals. [25] The signal of the product of interest, 5-HMF, was de- 
tected as a low-intensity trace impurity (<400 units; measured 
m/z= 149.0228 for [C 6 H 6 0 3 + Na] + ). [26] A rather large error of 
Zl = 13.0 ppm was observed for the registered signal of 5-HMF 
(calculated m/z= 149.0209 for [C 6 H 6 0 3 + Na] + ), which is out- 
side of the commonly acceptable error interval of <5 ppm. A 
more complicated problem was faced in the attempt to detect 
the unreacted part of the starting material of the studied reac- 
tion. The signal of glucose was indistinguishable from the 
noise with extremely low intensity with no more than 30- 
35 units. [26] As expected, regular ESI-MS spectra did not lead to 
characteristic measurements of the ionic liquid system: neither 
the starting material, nor the product of the reaction can be 
detected with reliable accuracy. 

Repeated consecutive injections of the ionic liquid-contain- 
ing samples at the MS mode may have a negative influence on 
the hardware, even with a concentration of the ionic liquid < 
0.5 pmol jliL" 1 . Contamination of the instrument with ionic 
liquid species requires aborting the operation and performing 
system clean up. It should be pointed out that the spectrum in 
MS mode can be recorded only as a representative example. 
This experiment should not be repeated several times to avoid 
the risk of damage to the MS instrument detector and contam- 
ination of ion transfer stage and other parts of the hardware. 
Therefore, contamination and possible damage of the hard- 
ware are important limiting factors for carrying out ESI-MS 
measurements on ionic liquid systems, besides the low intensi- 
ty and large error of the detected signals. 

To avoid hardware contamination, we have carried out the 
measurements using tandem mass spectrometry (i.e., MS/MS 



m/z 
in MS 



mode). [27] The MS/MS mode, in contrast to MS mode, 
was designed to obtain and register fragments of 
parent ion(s) of interest. In a nutshell, this strategy 
works due to analytical quadrupole that can be ad- 
justed to pass only a certain ion mass (parent ion) or 
a defined mass range (parent ions). In the collision 
cell the isolated ions can be fragmented through 
collision induced dissociation (CID) by collision with 
neutral gas molecules (i.e., nitrogen or argon). The 
degree of fragmentation is proportional to the value 
of collision energy and can be easily controlled. 
What is most important for the studied ionic liquid 
system: if collision energy is set to small values of 0- 
8 eV no (or negligible) fragmentation of parent ions 
will occur. This provides an outstanding opportunity 
to filter out the unwanted signal of the ionic liquid 
and to allow the parent ions of the studied com- 
pounds to reach the detector. It should be pointed 
out that MS/MS mode and CID are well-known tech- 
niques in mass-spectrometric detection/ 273 however 
to the best of our knowledge they were not system- 
atically applied to study ionic liquid systems. 

We have successfully applied the MS/MS mode to 
detect the compounds of interest in the studied 
sample (5-HMF, glucose, ionic liquid) with complete 
removal of unwanted [BMIM] + ions from the whole 
ion beam. The MS/MS mode with quadrupole adjust- 
ed to the range of m/z= 142-184 allowed us to retrieve good 
quality spectra and prevented negative influence of [BMIM] + 
contaminant on the detector and other parts of the MS instru- 
ment (Figure 1 B). A number of signals with good resolution 
and intensity have appeared within the studied interval, 
whereas no signal of [BMIM] + (m/z = 1 39.1233) was observed 
(cf. Figure 1 A and 1 B). 

In the MS/MS mode, the signal of 5-HMF product was de- 
tected with much higher intensity of 1250 units (Figure 2 B) 
compared to only 400 units in the MS mode (Figure 2 A). The 
error in the determination of the m/z value was reduced ap- 
proximately three times to A = 4.7 ppm, which is within the ac- 
ceptable interval. The intensity of the 5-HMF signal was further 
increased to >2500 units by recording the spectrum in MS/MS 
mode with an adjusted mass range parameter, and the error in 
m/z determination in this case was decreased to A = 
2.0 ppm. [28] 

The signal of glucose was not observable in MS mode (Fig- 
ure 2D), however it was easily detected in MS/MS mode (Fig- 
ure 2 E). A good intensity of >1500 units was observed, and 
a small error of A = 1 .5 ppm in the determination of m/z value 
was found by comparison of experimental and calculated spec- 
tra (Figure 2E and 2F). 

Thus, the measurements in MS/MS mode allowed to analyze 
reactions mixtures and to detect both reactant and product. A 
number of other signals were also observed in the ESI-MS 
spectra (possibly: impurities, intermediates or side products) 
indicating future possibilities of detailed characterization and 
mechanistic studies of this reaction. [29] Detailed analysis of the 
other signals is outside the scope of the present study, since 
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Figure 2. Enlarged sections of the mass spectra of sample I acquired in A,D) MS 
culated spectra for C) [C 6 H 6 0 3 + Na] + and F) [C 6 H 12 0 6 + Na] + . 



here we focus on the development of a reliable analytical 
methodology. 

To verify the scope of the developed analytical approach, we 
have also studied sample II, containing Boc-Val-Ala-OMe pep- 
tide dissolved in [EM I M] [CI]. Standard operation in MS mode 
yielded a spectrum with very low intensity signal of Boc-Val- 
Ala-OMe (180 units, m/z= 325.1 740 for [C 14 H 26 N 2 0 5 + Na] + ). 
Analysis of the same sample in MS/MS mode led to significant 
increase in the signal intensity of up to 1400 units. The error in 
the determination of m/z value decreased from zl=2.0 to 
0.0 ppm. Representative ESI mass spectra of the Boc-Val-Ala- 
OMe peptide in the MS and MS/MS modes are shown in the 
Supporting Information (see Figure S4). 

The scope of the developed approach was verified for sam- 
ples I and II, as well as for the other peptides (samples lll-V; 
Table 2). Comparison of the conventional measurements in MS 
mode and the developed ap- 
proach using MS/MS mode has 
clearly shown superior perfor- 
mance of the latter for studying 
ionic liquid systems (Table 2). 
Indeed, in a conventional mode, 
it was not possible to distin- 
guish the signals of some com- 
pounds due to spectral noise or 
low intensity signals. The MS/ 
MS mode provided much better 
results for all samples in terms 
of intensity of signals and accu- 



racy of the measurements. To 
the best of our knowledge, the 
feasibility of ESI-MS/MS detec- 
tion of glucose, 5-HMF and pep- 
tides in ionic liquids was carried 
out for the first time in the con- 
centration range of 0.001- 
0.01 pmoljiiL" 1 after dilution. 

We have demonstrated the 
principal applicability of ESI-MS 
measurements for ionic liquid 
samples. The final important 
point is to study the ability to 
tune MS/MS mode for better 
performance. A slight increase 
of collision energy from 0 to 
8 eV led to noticeable gain in 
signal intensity, better accuracy 
of m/z determination and noise 
suppression. In fact, collision 
energy represents not only the 
degree of ion fragmentation, 
but also serves as the driving 
force for ion transfer. [30] The 
spectrum of sample I registered 
in MS/MS mode for detection of 
5-HMF [C 6 H 6 0 3 + Na] + has 
shown an excellent intensity 
(>25 000 units) upon applying collision energy of 8 eV 
(Figure 3). The error in m/z determination was decreased to 
A =0.0 ppm (Figure 3). 



Conclusions 

In the present study, we describe a useful approach to carrying 
out tandem mass spectrometry (i.e., ESI-MS/MS) studies of 
ionic liquid solutions. The ionic liquid samples and reaction 
mixtures can be directly utilized for MS measurements using 
internal electronic gate available in all modern electrospray 
spectrometers (Figure 4A, path a). Analytical quadrupole is 
used to filter out unwanted ions and separation of the species 
of interest. The filtration of the ions is carried out inside the 
mass spectrometer, the procedure is very fast (< 1 millisecond) 
and does not require extra solvents. The described approach is 
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Table 2. ESI-MS measurements for samples l-V in MS and MS/MS modes. 


Sample 


Compd 


Obsd ion 


MS Mode 


MS/MS Mode 








/ [a.u.] 


A [ppm] 


/ [a.u.] 


A [ppm] 


I 


Glucose 


[C 6 H 12 0 6 +Na] + 


n.d. [a] 




1600 


1.5 




5-HMF 


[C 6 H 6 0 3 +Na] + 


380 


13.0 


1250 


4.7 


II 


Boc-Val-Ala-OMe 


[C 14 H 26 N 2 0 5 + Na] + 


180 


2.0 


1400 


0.0 


III 


Boc-Ala-Val-OMe 


[C 14 H 26 N 2 0 5 + Na] + 


n.d. [a] 




800 


2 


IV 


Boc-Ala-Ala-Val-OMe 


[C 17 H 31 N 3 0 6 + Na] + 


300 


1 


1520 


0.8 


V 


Boc-Val-Val-Ala-OMe 


[C 19 H 35 N 3 0 6 + Na] + 


150 


11 


2000 


0.5 


[a] n.d.= 


not detectable. 
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Figure 3. Enlarged sections of the mass spectra of sample I acquired in MS/ 
MS mode (148.5-149.5 m/z) with collision energy set to A) 0 eV and B) 8 eV, 
and C) the calculated spectrum for [C 6 H 6 0 3 + Na] + . 



superior to direct analysis (may cause hardware damage; Fig- 
ure 4 B, path b) and to conventional separation (time-consum- 
ing and waste-generating stages; Figure 4C, path c). 

Thus, ESI-MS measurement in MS/MS mode is an attractive 
rapid method to monitor reactions in ionic liquid media, ex- 
cluding the necessity of prior purification or extraction (no 
wastes and fast analysis) and minimizing the risk of a damage 
of the MS instrument hardware. Another valuable advantage is 
a noticeable increase of signal intensity. The method revealed 
a possibility of getting structural information under 
0.01 pmoluL -1 concentration of the dissolved molecules. All 
the measurements described in the present study can be car- 
ried out on routinely available instruments and do not require 
any hardware modifications. 

Taking into account the high sensitivity and structure resolv- 
ing power of ESI-MS measurements, the developed MS ap- 
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Figure 4. ESI-MS spectra of a) MS/MS mode described in the present study 
for filtering out of unwanted signals, b) direct analysis of the sample (not 
recommended because of probable spectrometer damage), c) conventional 
procedure that requires purification of the sample prior to the measure- 
ments. 



proach can be of crucial importance for mechanistic studies as 
well as routine characterization of ionic liquid solutions and 
chemical transformations therein. We anticipate further studies 
on the application of ESI measurements in MS/MS mode in 
ionic liquid systems. 



Experimental Section 

General: The detailed experimental method for conversion of glu- 
cose to 5-HMF using B 2 0 3 as promoter (preparation of sample I) as 
described in previously™ and a detailed procedure is given in the 
Supporting Information. 

The experimental procedure for the synthesis and purification of 
dipeptide Boc-Val-Ala-OMe is described in the Supporting Informa- 
tion. Sample II was prepared by mechanical stirring the dipeptide 
(0.050 g) and ionic liquid (0.634 g) in a glass vial at 80 °C for 
30 min. An aliquot (0.6 mg) of sample II was taken directly after 
heating before it was cooled to RT A similar procedure was used 
for the other peptide samples. 

CH 3 CN (HPLC grade) for ESI-MS experiments was purchased from 
Merck and used as supplied. All samples for ESI-MS experiments 
were prepared in 1.5 mL Eppendorf tubes. All plastic disposables 
used in sample preparation (Eppendorf tubes and tips) were 
washed with CH 3 CN before use. 

ESI-MS experiments: High resolution mass spectra were measured 
on a Bruker maXis instrument using electrospray ionization (ESI) 
with MS and MS/MS modes. The measurements were performed in 
a positive ion mode (interface capillary voltage: 4500 V). "Tune 
low" method operating with a scan range from m/z 50 to m/z 300 
was used for analysis of sample I; "tune wide" method operating 
with a scan range from m/z 250 to m/z 3000 was used for analysis 
of samples 1 1— V. External calibration was performed with Electro- 
spray Calibrant Solution (Fluka). A direct syringe injection was used 
for all analyzed solutions in CH 3 CN (flow rate: 3 ulmin" 1 ). All spec- 
tra were collected for 1 min. Nitrogen was applied as a dry and col- 
lision gas; interface temperature was set at 180°C. The spectra 
were processed by using Bruker Data Analysis 4.0 software pack- 
age. 



© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 



ChemistryOpen 201 3, 2, 208 - 21 4 212 



ChemistryOPEN 

Full Papers 



www.chemistryopen.org 



ESI-MS/MS operation settings: The parameters for operation in 
MS/MS mode for sample I (Figures 1 B and 2B) are described below 
as a representative example. The settings for the MS/MS mode of 
all samples used in the present study are given in the Supporting 
Information. 

Isolated mass parameter corresponding to the center of the de- 
sired m/z interval was set to 163; isolated width corresponding to 
the width of the interval was set to 42. The isolated width was ad- 
justable from 0.1 to 300 m/z depending on the m/z region of inter- 
est. Acceptable values of collision energy were in the range of 0- 
8 eV. In source collision induced dissociation (ISCID energy) refers 
to MS3 mode, the ISCID energy should be set to 0 eV. Acquisition 
factor was set to 6.7 to define the number of time of flight events. 
In a typical case, the acquisition factor within the interval from 5 to 
10 is enough to get good quality spectrum, although it may be set 
to a larger value at lower concentration of detecting compounds 
in the analyzed probe. Note, some care should be taken during 
MS/MS spectral data interpretation, since MS/MS experimenst may 
also result in appearance of electronic noise, which, however, can 
be distinguished from real signals. [31] 



Acknowledgements 

We thank Dr. Sven Meyer (Bruker Daltonik GmbH, Bremen) for 
useful discussions. The work was supported in part by the Russi- 
an Foundation for Basic Research (project no. 12-03-33127, 13- 
03-01210, 12-03-31567), grant MD-4969.2012.3, the Ministry of 
Education and Science of Russian Federation (projects 8572, 
8453) and programs of the Division of Chemistry and Material 
Sciences of the Russian Academy of Science (RAS). 

Keywords: carbohydrates • mass spectrometry • ionic liquids • 
MS/MS • peptides • reaction monitoring 

[1] a) Mass Spectrometry of Polymers - New Techniques (Ed.: M. Hakkarai- 
nen), Springer, Berlin, Heidelberg, Germany, 2012; b) S. D. Hanton, 
Chem. Rev. 2001, 101, 527; c) M. S. Montaudo, Mass Spectrom. Rev. 2002, 
21, 108. 

[2] a) J. Zaia, Mass Spectrom. Rev. 2004, 23, 161; b) L. R. Ruhaak, A.M. 
Deelder, M. Wuhrer, Anal. Bioanal. Chem. 2009, 394, 163; c) J. Zaia, Mass 
Spectrom. Rev. 2009, 28, 254; d) L. E. Matamoros Fernandez, Carbohydr. 
Polym. 2007, 27, 797. 

[3] a) M. L. Biniossek, O. Schilling, Proteomics 2012, 12, 1303; b) P. H. Zhu, P. 
Bowden, D. Zhang, J. G. Marshall, Mass Spectrom. Rev. 2011, 30, 685; 
c)S. Banerjee, S.J. Mazumdar, J. Mass Spectrom. 2010, 45, 1212; d) E. 
Pisano, T. Cabras, C. Montaldo, V. Piras, R. Inzitari, C. Olmi, M. Castagno- 
la, I. Messana, Eur. J. Oral Sci. 2005, 113, 462. 

[4] a) M. Bruneaux, M. Rousselot, E. Leize, F. H. Lallier, F. Zal, Curr. Protein 
Pept. Sci. 2008, 9, 150; b) P. Kebarle, U. H. Verkerk, Mass Spectrom. Rev. 
2009, 28, 898; c) L Konermann, B. B. Stocks, Y. Pan, X. Tong, Mass Spec- 
trom. Rev. 2010, 29, 651; d) R. Aebersold, D. R. Goodlett, Chem. Rev. 
2001, 707, 269; e) M. T. Davis, T. D. Lee, J. Am. Soc. Mass Spectrom. 1998, 
9, 194. 

[5] a) Electrospray Ionization Mass Spectrometry: Fundamentals, Instrumenta- 
tion and Applications (Ed.: R. B. Cole), John Wiley & Sons, Inc., New York, 
1997; b)W. Henderson, J. S. Mclndoe, Mass Spectrometry of Inorganic, 
Coordination and Organometallic Compounds, John Wiley & Sons, Ltd, 
Chichester, 2005; c) Reactive Intermediates: MS Investigations in Solution, 
(Ed.: L.S. Santos), Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 
2010; d)M. M. Dell'Anna, P. Mastrorilli, C. F. Nobile, B. Calmuschi-Cula, 
U. Englert, M. Peruzzini, Dalton Trans. 2008, 6005; e) P. A. Belyakov, V. I. 
Kadentsev, A. O. Chizhov, N. G. Kolotyrkina, A. S. Shashkov, V. P. Anani- 
kov, Mendeleev Commun. 2010, 20, 125. 



[6] a) A.G. Marshall, C. L Hendrickson, Ann. Rev. Anal. Chem. 2008, 7, 579; 

b) K. Cottingham, Anal. Chem. 2005, 77, 227A; c) J. H. Gross, Mass Spec- 
trometry: A Textbook, Springer, Berlin, 2004; d) L. Bluck, D. A. Volmer, 
Spectroscopy 2008, 23, 36. 

[7] a)T. Welton, Chem. Rev. 1999, 99, 2071; b) H. Weingartner, Angew. Chem. 
2008, 720, 664; Angew. Chem. Int. Ed. 2008, 47, 654; c) J. P. Hallett, T. 
Welton, Chem. Rev. 2011, 777, 3508; d) M. Haumann, A. Riisager, Chem. 
Rev. 2008, 708, 1474; e) J. D. Scholten, B.C. Leal, J. Dupont, ACS Catal. 
2012, 2, 184. 

[8] a)N.V. Plechkova, K. R. Seddon, Chem. Soc. Rev. 2008, 37, 123; b) M.J. 
Earle, N. V. Plechkova, K. R. Seddon, Pure Appl. Chem. 2009, 81, 2045; 

c) J. L Ferguson, J. D. Holbrey, S. Ng, N. V. Plechkova, K. R. Seddon, A. A. 
Tomaszowska, D. F. Wassell, Pure Appl. Chem. 2012, 84, 723. 

[9] a) P. Wasserscheid, W. Keim, Angew. Chem. 2000, 772, 3926; Angew. 
Chem. Int. Ed. 2000, 39, 3772; b) V. P. Ananikov, Chem. Rev. 2011, 777, 
418; c)A. S. Pensado, A. A. H. Padua, Angew. Chem. 2011, 723, 8842; 
Angew. Chem. Int. Ed. 2011, 50, 8683; d) H. Olivier-Bourbigou, L Magna, 
D. Morvan, Appl. Catal. A 2010, 373, 1. 
[10] a)M. E. Zakrzewska, E. Bogel-Lukasik, R. Bogel-Lukasik, Chem. Rev. 2011, 
777, 397; b) A. A. Rosatella, S. P. Simeonov, R. F. M. Frade, C. A. M. Afonso, 
Green Chem. 2011, 73, 754; c)T. Stahlberg, W. Fu, J. M. Woodley, A. Riis- 
ager, ChemSusChem 2011, 4, 451; d) S. Lima, M. M. Antunes, M. Pillinger, 
A. A. Valente, ChemCatChem 2011, 3, 1686; e) P. Gallezot, Chem. Soc. 
Rev. 2012, 47, 1538; f) H. Wang, G. Gurau, R. D. Rogers, Chem. Soc. Rev. 
2012, 47, 1519. 

[11] S. T. Handy, M. Okello, G. Dickenson, Org. Lett. 2003, 5, 2513. 
[12] D. J. M. Snelders, P. J. Dyson, Org. Lett. 2011, 73, 4048. 
[13] D. Sarkar, R. Bhattarai, A. D. Headley, B. Ni, Synthesis 2011, 1993. 
[14] P. Yin, T.-P. Loh, Org. Lett. 2009, 77, 3791. 

[15] H. Wakamatsu, Y. Saito, M. Masubuchi, R. Fujita, Synlett 2008, 1805. 

[16] a) V. K. Aggarwal, I. Emme, A. Mereu, Chem. Commun. 2002, 1612; b) Y 
Kume, K. Qiao, D. Tomida, C. Yokoyama, Catal. Commun. 2008, 9, 369; 
c)V. Conte, E. Elakkari, B. Floris, V. Mirruzzo, P. Tagliatesta, Chem. 
Commun. 2005, 1587; d) P. Virtanen, T. Salmi, J.-P. Mikkola, Ind. Eng. 
Chem. Res. 2009, 48, 10335; e) A. C. Pinto, A. A. Moreira Lapis, B. V. da 
Silva, R. S. Bastos, J. Dupont, B. A. D. Neto, Tetrahedron Lett. 2008, 49, 
5639; f) J. N. Rosa, C. A. M. Afonso, A. G. Santos, Tetrahedron 2001, 57, 
4189; g)G. Angelini, P. De Maria, C. Chiappe, A. Fontana, C. Gasbarri, G. 
Siani, J. Org. Chem. 2009, 74, 6572. 

[17] a) J. Ternois, L. Ferron, G. Coquerel, F. Guillen, J.-C. Plaquevent, Ionic 
Liquid Applications: Pharmaceuticals, Therapeutics, and Biotechnology, 
ACS Symposium Series, 2010, 1038, 13; b) H. Vallette, L Ferron, G. Co- 
querel, F. Guillen, J.-C. Plaquevent, Arkivoc 2006, IV, 200; c) H. Vallette, L. 
Ferron, G. Coquerel, A.-C. Gaumont, J.-C. Plaquevent, Tetrahedron Lett. 
2004, 45, 1617. 

[18] a)T. Welton, Green Chem. 2011, 73, 225; b) M. Stasiewicz, E. Mulkiewicz, 
R. Tomczak-Wandzel, J. Kumirska, E. M. Siedlecka, M. Gotebiowski, J. 
Gajdus, M. Czerwicka, P. Stepnowski, Ecotoxicol. Environ. Saf. 2008, 77, 
157; c) M. Matzke, S. Stolte, K. Thiele, T. Juffernholz, J. Arning, J. Ranke, 
U. Welz-Biermann, B. Jastorff, Green Chem. 2007, 9, 1198; d) B. Peric, E. 
Marti, J. Sierra, R. Guanas, M. Iglesias, M. A. Garau, Environ. Toxicol. 
Chem. 2011, 30, 2802; e) S. P. M. Ventura, R. L. F. de Barros, T. Sintra, 
C. M. F. Soares, A. S. Lima, J. A. P. Coutinho, Ecotoxicol. Environ. Saf. 
2012, 83, 55; f) S. P. M. Ventura, C. S. Marques, A. A. Rosatella, C. A. M. 
Afonso, F. Goncalves, J. A. P. Coutinho, Ecotoxicol. Environ. Saf. 2012, 76, 
162. 

[19] a) W. R. Carper, Molten Salts, eMagRes, 2011; b) R. Giernoth in Ionic Liq- 
uids in Chemical Analysis (Ed.: M. Koel), CRC Press, Boca Raton, 2009, 
355. 

[20] E.A. Khokhlova, V. V. Kachala, V. P. Ananikov, ChemSusChem 2012, 5, 
783. 

[21] a) P. J. Dyson, M. A. Henderson, J. S. Mclndoe in Ionic Liquids: From 
Knowledge to Application (Eds.: N.V. Plechkova, R. D. Rogers, K. R. 
Seddon), ACS Symposium Series 1030, American Chemical Society, 
Washington DC, 2010, Chapter 9, pp. 135-146; b) Recording the spec- 
tra in slow scan mode: P.J. Dyson, J. S. Mclndoe, D. Zhao, Chem. 
Commun. 2003, 508. 

[22] Representative studies and references therein: a) J. Dupont, M. N. Eber- 
lin, Curr. Org. Chem. 2013, 77, 257; b) B. A. D. Neto, E. C. Meurer, R. Gala- 
verna, B. J. Bythell, J. Dupont, R. G. Cooks, M. N. Eberlin, J. Phys. Chem. 
Lett. 2012, 3, 3435; c)W.S. Law, H. Chen, J. Ding, S. Yang, L Zhu, G. 



© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 



ChemistryOpen 201 3, 2, 208 - 21 4 213 



ChemistryOPEN 

Full Papers 



Gamez, K. Chingin, Y. Ren, R. Zenobi, Angew. Chem. 2009, 121, 8427; 
Angew. Chem. Int. Ed. 2009, 48, 8277. 

[23] P. N. R. Vennestrom, C. M. Osmundsen, C. H. Christensen, E. Taarning, 
Angew. Chem. 2011, 123, 10686; Angew. Chem. Int. Ed. 2011, 50, 10502. 

[24] a)J.-C. Plaquevent, J. Levillain, F. Guillen, C. Malhiac, A.-C. Gaumont, 
Chem. Rev. 2008, 108, 5035; b) R. Buchfink, A. Tischer, G. Patil, R. Ru- 
dolph, C. Lange, J. Biotechnol. 2010, 150, 64; c) N. Byrne, L.-M. Wang, J.- 
P. Belieres, C. A. Angell, Chem. Commun. 2007, 2714; d)J. L. Huang, 
M. E. Noss, K. M. Schmidt, L. Murray, M. R. Bunagan, Chem. Commun. 
2011, 47, 8007; e) D. Constatinescu, C. Herrmann, H. Weingartner, Phys. 
Chem. Chem. Phys. 2010, 12, 1756; f) F. Guillen, D. Bregeon, J.-C. Plaque- 
vent, Tetrahedron Lett. 2006, 47, 1245; g) M. Moniruzzaman, K. Nakashi- 
ma, N. Kamiya, M. Goto, Biochem. Eng. J. 2010, 48, 295; h) A. A. Milosla- 
vina, E. Leipold, M. Kijas, A. Stark, S. H. Heinemann, D. Imhof, J. Pept. Sci. 
2009, 15, 72. 

[25] The intensities of the MS signals are given in arbitrary units throughout 
the article. 



www.chemistryopen.org 



[26] See Supporting Information Figure S1-S2 for enlarged view of the cor- 
responding region. 

[27] a) A. P. Hunter, D. E. Games, Rapid Commun. Mass Spectrom. 1994, 8, 
559; b)T. Santa, Biomed. Chromatogr. 2011, 25, 1; c) M. M. Kushnir, A. L. 
Rockwood, J. Bergquist, Mass Spectrom. Rev. 2010, 29, 480; d) A. A. 
Sabino, A. H. L. Machado, C. R. D. Correia, M. N. Eberlin, Angew. Chem. 
2004, 116, 2568; Angew. Chem. Int. Ed. 2004, 43, 2514; e)W. M. A. Nies- 
sen, Mass Spectrom. Rev. 2011, 30, 626; f) See also ref. [2a]. 

[28] See Supporting Information Figure S3 and description therein. 

[29] For discussion of possible side products and impurities, see ref. [10]. 

[30] P. M. Mayer, C. Poon, Mass Spectrom. Rev. 2009, 28, 608. 

[31] N. Mujezinovic, G. Raidl, J. R. A. Hutchins, J.-M. Peters, K. Mechtler, F. Ei- 
senhaber, Proteomics 2006, 6, 5117. 



Received: May 10, 2013 
Published online on July 26, 2013 



© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 



ChemistryOpen 201 3, 2, 208 - 21 4 214 



